Myeloablative allogeneic hematopoietic stem cell transplantation (allo-HSCT) is increasingly used in patients with lymphoma who experience disease relapse after autologous hematopoietic stem cell transplantation (auto-HSCT) because the allograft is tumor free and may induce a graft-versus-tumor effect. We analyzed 114 patients treated with this approach from 1990 to 1999 to assess disease progression, progression-free survival (PFS), and overall survival (OS). Cumulative incidence of disease progression at 3 years was 52%, whereas treatmentrelated mortality was 22%, lower than previously reported. Three-year probabilities of OS and PFS were 33% and 25%, respectively. With prolonged follow-up, however, nearly all patients experienced disease progression, and 5-year probabilities were 24% and 5%, respectively. Complete remission at the time of allo-HSCT and use of total body irradiation (TBI) in patients with non-Hodgkin lymphoma (NHL) were associated with lower rates of disease progression and higher rates of OS. In summary, allo-HSCT is feasible for patients with lymphoma who have relapses after auto-HSCT and can result in prolonged survival for some, but it is usually not curative. 
Introduction
High-dose chemotherapy with autologous hematopoietic stem cell transplantation (auto-HSCT) has an established role in the treatment of patients with lymphoid malignancies. [1] [2] [3] Unfortunately, relapse or progression of lymphoma is common after auto-HSCT, and the prognosis for patients who experience relapse is poor. [4] [5] [6] Conventional-dose chemotherapy can induce remission in a small proportion of these patients, but the remissions are usually short. 4 Second auto-HSCT is sometimes performed, but it is most likely to benefit patients in prolonged remission after the initial auto-HSCT. 7, 8 Another therapeutic approach for patients who experience relapse after auto-HSCT is to perform myeloablative allogeneic hematopoietic stem cell transplantation (allo-HSCT). 9 Potential advantages of allo-HSCT include the use of a tumor-free graft and immune-mediated graft-versus-tumor effects. 10, 11 Information is limited regarding the outcome for patients who undergo allo-HSCT after autologous transplantation for lymphoma fails. Published reports include small numbers of patients and show conflicting results. 8, [12] [13] [14] [15] [16] [17] To more precisely determine outcomes and to further identify prognostic variables for patients who undergo allo-HSCT after failed auto-HSCT, we undertook an analysis of patients treated between 1990 and 1999 and reported to the International Bone Marrow Transplant Registry (IBMTR) and the Autologous Blood and Marrow Transplant Registry (ABMTR).
Patients, materials, and methods

Data sources
The IBMTR/ABMTR is a voluntary working group of more than 400 HSCT centers worldwide that contribute detailed data on consecutive allogeneic or autologous HSCT recipients to a Statistical Center at the Health Policy Institute of the Medical College of Wisconsin in Milwaukee. Approximately 40% of allo-HSCTs worldwide and more than 50% of auto-HSCTs in North and South America are registered with the IBMTR/ ABMTR. Participating centers are required to report all transplantations consecutively; compliance is monitored by on-site audits. Patients are followed up longitudinally, with yearly follow-up. Computerized checks for errors, physician reviews of submitted data, and on-site audits of participating centers ensure data quality. Requests for data on disease progression or death for registered patients are at 1-year intervals. IBMTR observational studies are conducted with a waiver of informed consent and in compliance with HIPAA regulations as determined by the institutional review board and the privacy officer of the Medical College of Wisconsin.
Patients
We reviewed the records of all patients with lymphoma reported to the IBMTR/ABMTR who underwent allo-HSCT after relapse from auto-HSCT. We included patients with Hodgkin lymphoma (HL) or nonHodgkin lymphoma (NHL), including low-, intermediate-, and high-grade lymphomas according to the Working Formulation for the Classification of Lymphomas. 18 The allo-HSCT had to have been performed between 1990 and 1999. Patients who received nonmyeloablative conditioning regimens were excluded.
Study end points
Primary outcomes studied were disease progression, progression-free survival (PFS), and overall survival (OS). Progression was defined as any increase in size of sites of disease, development of new sites of disease, or recurrence of disease after an initial complete response. OS was defined as the time from transplantation to death from any cause. PFS was defined as time from transplantation to relapse, progressive disease, or death from any cause. Other outcomes examined were transplant-related mortality (TRM), defined as death from any cause in the first 28 days or, thereafter, death without progression, and the incidence and severity of acute and chronic graft-versus-host disease (GVHD). Acute GVHD was defined as moderate to severe (grades II-IV) using established criteria; patients surviving more than 21 days with evidence of engraftment were considered at risk. Chronic GVHD was determined by clinical criteria in patients surviving more than 90 days with evidence of engraftment.
Statistical analysis
Probabilities of OS and PFS were calculated using the Kaplan-Meier product limit estimate, and probabilities of progression, TRM, and acute and chronic GVHD were calculated using cumulative incidence to allow for competing risks. Associations between patient-, disease-, and transplantrelated factors and the outcomes of interest were assessed using multivariate Cox proportional hazards regression. Variables included in the model building are listed in Table 1 . For most patients, we had few data about details of auto-HSCT or treatment before auto-HSCT and, hence, could not examine these factors in model building. HL and NHL are different biologically, and initial treatment for HL commonly involves radiation, limiting the choices for allo-HSCT conditioning in HL. Consequently, we forced the factor HL versus NHL in all the models built and examined interactions between this factor and other significant covariates identified. If the interaction term was significant, indicating differential effects in HL and NHL, the final model subdivides patients according to this interaction term. For example, Tables 4, 5, and 6 subdivide patients into 4 groups: NHL with or without total body irradiation (TBI) and HL with or without TBI. All computations used the procedure PHREG in the SAS statistical package. Forward stepwise variable selection at a 0.05 significance level was used to identify covariates associated with outcomes. All variables were tested for the assumption of proportional hazards using a time-dependent covariate. All variables satisfied the proportionality assumption. First-order interactions were tested for all significant covariates. Overall covariate effects were tested using the Wald test.
Results
Patient and transplant characteristics
Patient-, disease-, and transplant-related characteristics are listed in Table 1 . One hundred fourteen patients from 54 different centers underwent allo-HSCT following relapse after auto-HSCT. Their median age at the time of allo-HSCT was 34 years (range, 15-65 years). Sixty-five (57%) patients were male. Fifty (44%) patients had Karnofsky performance scores of 80% or less at the time of allo-HSCT.
Seventy-nine (69%) patients had NHL, and 35 (31%) had HL. Among patients with NHL, 44 (56%) had intermediate-grade, 16 (20%) had low-grade, and 8 (10%) had high-grade lymphomas; 11 (14%) had other types of NHL not defined in the Working Formulation. 18 The median time interval from diagnosis to auto-HSCT was 14 months (range, 3-130 months). Forty-three (38%) patients underwent auto-HSCT less than 1 year after the diagnosis of lymphoma. The median interval between auto-HSCT and allo-HSCT was 16 months (range, 2-66 months). Only 24 (21%) patients were in complete remission at the time of allo-HSCT. Seventy (61%) patients received transplants from an HLA-identical sibling, 17 (14%) from a haploidentical sibling, and 27 (25%) from an unrelated donor. Seventy-seven (68%) patients received bone marrow as the source of allogeneic stem cells; the remaining 37 (32%) patients received peripheral blood. TBI was used as part of the conditioning regimen for allo-HSCT in 45 (39%) patients. Eighty-four (74%) patients received hematopoietic growth factors (HGFs) within 7 days of allo-HSCT. GVHD prophylaxis included methotrexate and cyclosporine in 74 (65%) patients, combinations of cyclosporine with other agents in 24 (21%) patients, and T-cell depletion of the graft in 16 (14%) patients.
Fifty-eight (51%) allo-HSCTs were performed in the 3 years between 1997 and 1999, whereas the remaining procedures were performed in the previous 7 years, 1990 to 1996. Median follow-up of survivors was 43 months.
Outcomes
Estimated outcomes are summarized in Table 2 . Of the 114 patients studied, 79 (69%) died, 31 (27%) were alive with lymphoma, and 4 (4%) were alive without evidence of lymphoma at last follow-up. The 100-day mortality rate was 21% (95% confidence interval [95% CI], 14%-29%). TRM after allo-HSCT was 22% (95% CI, 16%-31%) at 1 year and 25% (95% CI, 17%-33%) at 5 years. Twenty-four of 90 (27%) patients not in complete remission at the time of allo-HSCT achieved complete remission after allo-HSCT.
Disease-progression rate was 45% (95% CI, 36%-54%) at 1 year and increased to 70% (95% CI, 61%-76%) at 5 years after transplantation. Figure 1 illustrates the cumulative incidences of progression and TRM. The probability of OS at 1 year was 37% (95% CI, 28%-46%) and decreased to 33% (95% CI, 24%-42%) at 3 years and 24% (95% CI, 14%-37%) at 5 years after transplantation ( Figure 2 ). PFS was 32% (95% CI, 24%-41%), 25% (95% CI, 18%-33%), and 5% (95% CI, 2%-10%) at 1, 3, and 5 years after transplantation, respectively.
The 100-day probability of developing grades II to IV acute GVHD was 29% (95% CI, 21%-37%). The 3-year probability of developing chronic GVHD was 12% (95% CI, 7%-20%). There was no difference in the risk for disease progression between patients who developed grades II to IV acute GVHD and those who did not. For patients who experienced engraftment and survived at least 21 days (n ϭ 99), the relative risk (RR) of disease progression for patients with grades II to IV acute GVHD compared with those without acute GVHD using time-dependent Cox models was 0.93 (95% CI, 0.58-1.49; P ϭ .76). Additionally, there was no difference in the risk for progression between patients in whom chronic GVHD developed and those in whom it did not among patients who experienced engraftment and survived at least 90 days (n ϭ 62), with an RR of 0.81 (95% CI, 0.40-1.67l; P ϭ .57).
There were no differences in OS, PFS, or TRM between patients with HL and NHL. In addition, there were no differences in outcome among patients with low-, intermediate-, or high-grade NHL (data not shown).
Multivariate analysis
The only factor significantly correlated with TRM risk was donor type. Patients with haploidentical sibling donors had a 3-fold increased risk for TRM (RR, 3.17; 95% CI, 1.04-3.31; P ϭ .02), and those with unrelated donors had a 2-fold increased risk for TRM (RR, 2.15; 95% CI, 0.90-5.12; P ϭ .08) compared with recipients of transplants from HLA-identical siblings. Table 3 shows the multivariate analysis of disease progression. Rate of disease progression was associated with type of conditioning regimen and disease status at allo-HSCT. The effect of conditioning was dependent on the type of lymphoma. Patients with NHL who underwent non-TBI-conditioning HSCT had a 3-fold increased rate of disease progression compared with patients who received TBI. Patients with HL had an increased rate of recurrence compared with the risk in NHL patients receiving TBI. However, among HL patients, we failed to detect any effect of TBI Table 4 shows the multivariate analysis of PFS (treatment failure, death, or progression). Patients with NHL who received non-TBI conditioning for allo-HSCT had an approximately 2.5-fold increased rate of treatment failure compared with patients who received TBI. Patients with HL had a higher rate of treatment failure than did patients with NHL who received TBI. However, among patients with HL, there was no association between TBI and treatment failure. Patients who had active disease before allo-HSCT also had an increased rate of treatment failure compared with patients who underwent transplantation in remission. Using patients in complete remission as the reference group, the relative risk for treatment failure ranged from 1.74 for patients with chemosensitive relapse to 3.91 for patients with chemotherapy refractory relapse and to 3.68 for patients with untreated relapse. Patients who received transplants from haploidentical siblings or from unrelated donors had a higher rate of treatment failure than those who received transplants from HLA-identical siblings. Table 5 shows the multivariate analysis of overall mortality. Patients with NHL who received non-TBI conditioning for allo-HSCT had a 2-fold increased mortality rate compared with patients who received TBI. The mortality rate for patients with HL was similar to that of patients with NHL receiving TBI. Among patients with HL, we failed to detect any association between TBI and mortality rate. Patients with low Karnofsky performance scores (80%) at the time of allo-HSCT died at an approximately 2-fold increased rate. Patients who had active disease before allo-HSCT also had a higher mortality rate than did patients who underwent transplantation while in remission. Finally, the mortality rate was higher in patients who received transplants from haploidentical siblings or from unrelated donors than in patients who received transplants from HLA-identical siblings. Figures 3, 4 , 5, and 6 show probabilities of OS according to the identified risk factors. For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From In summary, multivariate analyses showed that TBI was associated with a decreased rate of disease progression and higher rates of PFS and OS in patients with NHL, but no such effect was shown in a smaller group of patients with HL. Chemotherapy responsiveness was also associated with decreased rate of disease progression and higher PFS and OS rates. Transplants from donors other than HLA-matched siblings were associated with higher TRM and lower PFS and OS rates, and good performance status was associated with higher OS rate.
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3799 BLOOD, 1 DECEMBER 2004 ⅐ VOLUME 104, NUMBER 12 For personal use only. on April 15, 2017. by guest www.bloodjournal.org From on recurrence. Patients who had active disease before allo-HSCT also had an increased rate of progression compared with patients who underwent transplantation while in remission. Using patients in complete remission as the reference group, the RR for progression ranged from 1.38 for patients with chemosensitive relapse to 2.90 for patients with chemotherapy-refractory relapse and 3.45 for patients with untreated relapse.
Discussion
Recurrence occurs relatively frequently after auto-HSCT for lymphoma, and managing patients who experience relapse is difficult. Allo-HSCT is increasingly used because it has the potential advantages of a graft-versus-tumor effect and a tumor-free graft. Despite increasing use, reports describing the results of allo-HSCT are few and include small numbers of patients. 8, [12] [13] [14] [15] [16] [17] Identifying patient-or disease-related prognostic variables in a large group of patients undergoing allo-HSCT after failure of auto-HSCT was the major purpose of this analysis. We excluded patients who underwent nonmyeloablative therapy because this technique was introduced recently and the follow-up of patients receiving nonmyeloablative regimens has been short. Diverse lymphoma histology findings were included in this analysis, but most patients had HL or aggressive NHL.
The TRM rate was relatively low (22%) and suggests that with current supportive care, allo-HSCT is feasible for this group of patients. This finding is in apparent contrast to results of several previous studies. Tsai et al 12 report 85% TRM among 14 patients. Radich et al 13 summarize the Seattle experience and report 78% TRM among patients with lymphoma at 2 years after second transplantation. Bierman et al 15 report 16 patients with a TRM rate of 44% at 100 days. Reports of other small studies also demonstrate high TRM rates. 14, 17 Possible explanations for the low TRM rate in our report compared with previous ones include changes in patient selection over time and improvements in supportive care over the past decade. All patients included in our analysis underwent transplantation after 1990, and half underwent transplantation between 1997 and 1999. The reports by Tsai et al 12 and by Radich et al 13 include considerable numbers of patients who underwent transplantation before 1990, when growth factor support, prevention and management of opportunistic cytomegalovirus (CMV) infections, and donor selection strategies based on high-resolution HLA typing were less optimal. In addition, 15 of 18 patients reported by Radich et al 13 had active disease at the time of transplantation, and 7 had HLA-mismatched or unrelated donors, features that in our current study are associated with high risk for TRM. Three of the 14 transplantations in the series by Tsai et al 12 also involved donors other than HLA-matched siblings. By contrast, in the small series by de Lima et al, 8 most patients had chemotherapy-responsive disease and HLA-matched sibling donors. Three of 5 patients in that series obtained durable remissions. Our data are also in agreement with those of Seropian et al, 19 who recently reported a 55% PFS rate among 11 patients undergoing allo-HSCT after previous auto-HSCT failed. The comparatively low TRM in our report may also be partly explained by methodological differences from other studies, such as the use of cumulative incidence rather than Kaplan-Meier estimates.
Although TRM was within acceptable limits for allo-HSCT, there was a high rate of disease progression in this cohort. The risk for progression was 45% at 1 year after transplantation and 52% at 3 years, with a continued risk for relapse beyond 3 years. At 5 years, almost all survivors experienced lymphoma recurrence or progression, suggesting that allogeneic transplantation is rarely curative in patients for whom autologous transplantation fails. For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From Similarly, in the study by Radich et al, 13 the 4 patients who did not die of treatment-related causes experienced relapse. In the report by Tsai et al, 12 only 2 of 14 patients were alive and in remission 2 years after the second transplantation, and de Lima et al 8 report only 3 of 8 patients were alive and disease free at 25, 22, and 7 months after transplantation. In the report by Bierman et al, 15 the OS and disease-free survival rates were estimated to be 42% at 2 years. In their experience, longer intervals between autologous and allogeneic transplantation were associated with better outcomes, a finding that was not replicated in our analysis.
Although not curative, prolonged survival was observed in a substantial proportion of patients in this study. The study then provided a unique opportunity to determine the effects of donor selection, disease type, performance score, disease stage, conditioning regimen, and potential effect of graft-versus-tumor effects and disease histology on transplantation outcome, specifically on the duration of allotransplantation-induced remissions and survival.
Not surprisingly, recipients of transplants from HLA-identical siblings had better outcomes than those with unrelated donors or related haploidentical donors, and poor performance status was associated with worse outcome. Patients with NHL who received TBI for conditioning had only one third the rate of disease progression of patients who did not receive TBI. This unexpected role of TBI in prolonging remission is consistent with our previous observations in follicular lymphoma 20 and with recent data in autologous transplantation. 21, 22 On the other hand, it remains possible that TBI conditioning represents a surrogate for other undetected prognostic variables. No effect of TBI on recurrence rates was observed among patients with HL. The latter data should be interpreted with caution because the number of HL patients receiving TBI was small. Undergoing allo-HSCT while in remission was also associated with a decreased rate of disease progression. Among patients who underwent transplantation with active disease, the rate of disease progression was lower if the disease was chemosensitive. This is consistent with multiple previous observations in studies of allogeneic or autologous transplantation. 2, 23 Clinical observations of patients undergoing myeloablative and nonmyeloablative allo-HSCT suggest that the graft-versus-tumor effects may be important in inducing prolonged remission in patients with lymphoma [24] [25] [26] [27] and that it constitutes one of the rationales for considering allogeneic transplantation. Nevertheless, we were unable to clearly demonstrate a graft-versus-lymphoma effect of GVHD in this study. The rate of progression in patients with acute or chronic GVHD was similar to that in patients without GVHD. Several previous registry analyses, including a recent study of first transplantation for follicular lymphoma 20 and an analysis of syngeneic transplantation, 28 have similarly failed to demonstrate such an effect. However, given that only 30% of patients acquired GVHD, even our relatively large study (and other registry analyses) might not have been large enough to detect a significant graft-versus-lymphoma effect. Additionally, the lack of benefit from graft-versus-tumor effect in this group of patients at very high risk does not rule out that such effects might be operative in patients at standard risk.
We also did not observe any differences in overall outcomes among patients with low-, intermediate-, and high-grade NHL. The outcome for patients with HL was worse than that for patients with NHL receiving TBI for most outcome variables, but it was similar to that for patients with NHL receiving chemotherapy conditioning. It was previously reported that the outcome of allogeneic transplantation depends on disease histology, 29 and we have shown that relapse rates after transplantation for low-grade lymphoma in particular are low. 23 The failure to observe an effect of disease histology in the current study is likely attributable to the fact that study patients had disease that was resistant to numerous previous therapies, including high-dose chemotherapy, and, therefore, regardless of histology, was high risk. The small sample sizes of the subgroups of patients whose disease was of indolent histology might also have contributed to the lack of discernible histologyrelated effects.
The OS rate of patients included in this study appears to be superior to the reported OS rate of patients treated with conventional therapy after failed autologous transplantation. Vose et al 4 reviewed the outcomes of 169 patients at the University of Nebraska who had malignant lymphoma and experienced relapse after auto-HSCT. With a median follow-up of only 1 year, 18 (11%) of these 169 patients remained alive, off therapy, and without evidence of disease progression. By contrast, in our study, 33% of patients were projected to be alive at 3 years after allo-HSCT, and 25% were projected to be alive and free of disease. This is impressive given the fact that only one fifth of the patients in our study were in remission at the time of allo-HSCT and that almost half had Karnofsky scores lower than 90%. Additionally, nearly 40% of patients received grafts from unrelated or HLAmismatched sibling donors.
In summary, it is apparent from this study that with modern supportive care, selected young patients with lymphoma who experience relapse after autologous transplantation may benefit from allogeneic transplantation, though few will ultimately be cured. Patients who continue to exhibit disease responsiveness and who have HLA identical siblings have relatively good 3-year survival. Conditioning with TBI should be considered for patients with NHL because it seems to be associated with prolonged duration of remission. In contrast, patients with refractory disease and poor performance status scores and who lack HLA-identical sibling donors have poorer outcomes. Our observations of the impact of TBI in NHL patients and the lack of detectable GVL effects suggest that nonmyeloablative transplantation, with its emphasis on dose reduction, may not constitute an optimal long-term strategy for these patients. Recent reports using nonmyeloablative allo-HSCT after auto-HSCT demonstrate the feasibility of this approach, [30] [31] [32] [33] but longer follow-up is necessary to demonstrate its effectiveness in achieving long-term disease control.
